Abstract-The problem of sensor fault-tolerant vibrationattenuation controller design for uncertain buildings structural systems is investigated in this paper. The objective of designing controllers is to guarantee the asymptotic stability of closed-loop systems while attenuate disturbance from earthquake excitation. Firstly, based on matrix transformation, the structural system is described as a state-space model, which contains sensor faults and parameter uncertainties. Based on the obtained model, the LMIs-based conditions for the system to be stabilizable are deduced. By solving these LMIs, the controllers are established for the closed-loop system to be stable with a prescribed level of disturbance attenuation and sensor faulttolerant. Finally, an example is included to demonstrate the effectiveness of the proposed theorems.
I. INTRODUCTION
Nowadays, because tsunamis and earthquake, such as 2008 Wen Chuan earthquake etc., happen frequently, vibration control for buildings structural system has received considerable attention. Some vibration control methods, such as passive control, semi-active control and active control were proposed for attenuating those external disturbances. Compared with the other two control methods, active control has many virtues, such as continuous force control and broad-band control frequency etc. Therefore, research on the active vibration control of buildings structural system has received increasing attention in the recent years [1] . Many scholars applied themselves to the research of active vibration control strategies and many control techniques have been achieved, such as, classical H  theories [2, 3] , Finite frequency H  control [4] , sliding mode control [5, 6] , adaptive control [7] , neural networks [8] , fuzzy control [9] , optimal control [10] , bang-bang control [11, 12] , etc., have been developed with the goal of protecting structures subjected to external disturbance excitation. Accompanied with the development of structural control strategies, some active control devices were designed for applying those control algorithms, for example, active brace system (ABS) [13, 14] , active mass damper (AMD) [15] , etc. have been widely studied and used for vibration attenuation.
On the other hand, much effort has been devoted to the fault tolerant control or reliable control during the past decades because unexpected faults or failures may result in substantial damage, and can even be hazardous to human and environmental security [16, 17] . As we all known that the structural control systems have some characters, such as, long working hours, harsh working environment, etc.. Thus, a high degree of fault tolerance for the structural control systems is an essential and integrated part of the overall control system design. In recent years, the problem of fault tolerant control in buildings structural systems has received considerable attention and various techniques have been developed. For example, by adopting a DC-motor based active mass driving device, [18] investigated fault tolerant control system design for structure based on two experiments. Ref. [19] presented a direct adaptive fault-tolerant neural control scheme for the nonlinear hysteretic base-isolated buildings by using the recently developed extended minimal resource allocation network (EMRAN). Based on LMI technique, [20] dealt with the problem of robustly reliable energy-to-peak controller design for seismic-excited buildings with actuator faults and parameter uncertainties. However, to the best of the authors' knowledge, the sensor fault-tolerant vibrationattenuation controller design for uncertain linear structural systems is still not fully investigated.
This paper is concerned with the problem of sensor fault-tolerant vibration-attenuation controller design for uncertain buildings structural systems. Based on matrix transformation, a state-space model of buildings structure with parameter uncertainties and sensor faults is firstly established. Then, based on Lyapunov stability theory, the LMIs-based conditions for the system to be stabilizable are deduced. By solving these LMIs, the controllers against sensor faults are established for the closed-loop system to be stable with the performance
results show that the proposed controllers are effective for vibration attenuation of the structural systems with sensor faults. The organization of this paper is as follows. Section 2 formulates the problem and presents the dynamic models. The main results are given in section 3. The illustrative examples are given in section 4 to show the applicability and improvement of the presented approaches. Finally, the paper is concluded in section 5. Notation: Throughout this paper, for real matrices X and Y , the notation X Y  (respectively, X Y  ) means that the matrix X Y  is semi-positive definite (respectively, positive definite). I is the identity matrix with appropriate dimension, and a superscript "T" represents transpose. For a symmetric matrix, * denotes the symmetric terms. The symbol n R stands for the ndimensional Euclidean space, and Consider an n degree-of-freedom structural system, which is depicted in Figure 1 . The linear structural model equation can be written with [2, [19] [20] [21] [22] [23] 
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where 
the system (1) can be written in the following state-space form:
where z C is real constant matrix with appropriate dimensions, and
According to [20] , we can know that the damping and stiffness of buildings cannot be measured easily and precisely, while the mass of buildings can be measured precisely. Thus parameter uncertainties in buildings structural systems mainly locate in matrix A . We take A  to represent the system uncertainties with the same dimensions as that of A . Similar to [20] , A  is assumed to be norm-bounded, that is
Therefore, the building vibration control system with parameter uncertainties can be described as
When considering the possible sensor faults, we introduce a state-feedback controller in the form of
where F is the sensor fault-tolerant controller gain to be design later. Sensor faults are described by fault 
where
e is a column vector with the th i item to be 1 and others to be 0.
We assume that the disturbance   t  is bounded with finite energy, that is,
According to [20] , we can obtain that (7) is a reasonable assumption, which can be satisfied by most earthquakes. We assume that the peak response quantity of the controlled output satisfies
The focus of this paper is to find a feasible method for designing a state feedback controller   
Lemma 1 [21]:
given matrices  ,  and  with appropriate dimensions and with  symmetrical, then
holds for any ( ) F t satisfying ( ) ( ) 
where 2 2 11 1 1ˆn
Furthermore, a state-feedback controller is described as 
Choose a Lyapunov-Krasovskii functional candidate as
The derivative of ( ) V t along the solution of system (13) is given by
T T V t x t Px t x t P A BF t x t B t
Assume zero initial condition, i.e. 
Then, for any non-zero   t  given by (7), there holds
Assume the zero disturbance input, i. 
AP BF t P PA P t F B B I
By considering that      
T t P t P
   , and defining
Equation (18) can be expressed as
BQe e e BQe t t
Then, according to the Schur compliment and lemma 1, we can obtain 0   from (11). Thus 0 J  , and therefore, the following inequality holds:
Furthermore, according to (12), we can obtain the following equation
Then, it is easy to obtain 
t z t x t C C x t x t Px t
According to (3), we can obtain (21) from the following (22) .
Applying the Schur complement, LMI (22) is equivalent to LMI (19) . This completes the proof.
Ⅳ. ILLUSTRATIVE EXAMPLE
Consider the structural system with 3 n  . The structural parameters are 
Assume that the displacements and velocities of the three storeys are all measurable for feedback in this case. The controlled output is chosen to be the relative displacements of each storey, that is,
Firstly, consider the system without sensor faults, that is 1
By solving the LMIs (11)- (12) 
For description in brevity, we denote this designed controller as controller I thereafter. Consider the system with sensor faults. By supposing that 0.1 By solving the LMIs (11)- (12) 
For description in brevity, this controller is denoted as controller II thereafter. We take the EI Centro 1940 earthquake as the disturbance excitation. When there are no sensor faults in this system, we can obtain the first storey displacements of open-loop and closed-loop systems which are composed with the controller I and II from Figure 2 . The displacements of the other two storeys and the accelerations of three storeys have a similar varying trend, which are omitted here. The maximum displacements and accelerations of three storeys are compared in Table 1 . Form Figure 2 and Table 1 , we can obtain that the controller I and II are all effective to attenuate the displacements and accelerations of the system which has no sensor faults. Figure 3 . It can be seen from Figure 3 that the responses of the closed-loop system, which is composed with controller I, is becoming unstable. But on the contrary, controller II can still stabilizes the system without obvious degradation on performance. Now, let us consider the uncertain case. We consider the uncertainties are applied to the stiffness and damping coefficients of the system, and assume the parameter uncertainties satisfying 0.4
 
, and
. By solving the LMIs (12) and (19) 
For description in brevity, we denote this designed controller as controller III thereafter. Under the earthquake excitation mentioned above, the responses of the first storey displacements of open-loop and closed-loop system which is composed with the controller III are shown in Figure 4 . The displacements of the other two storeys and the accelerations of three storeys have a similar varying trend, which are omitted here. The maximum displacements and accelerations of two cases (case 1: 0   ; case 2: Table 2 . We can obtain from Figure 4 and Table 2 that no matter the parameter uncertainties exist or not, controller III is always effective to attenuate the responses of displacements and accelerations. 
